Laboratory-scale experiments were carried out to explore the influence of the composition of the fat phase on mechanical and rheological properties of processed model cheeses. Cheeses made from caseinates, emulsifying salts and a milk fat fraction liquid at 24°C, which was achieved by thermal separation, showed much lower moduli than processed model cheeses manufactured with a fat fraction solid at 30°C. Processed model cheeses made from caseinates, emulsifying salts and a hard butter with a low amount of unsaturated fatty acids were significantly higher in firmness than cheeses made with soft butter with a higher amount of unsaturated fatty acids. In experiments using mature Gruyère and emulsifying salts, processed cheeses made from summer Gruyère were less firm than processed winter Gruyère. The results indicate that fat composition strongly affects mechanical properties of processed cheese, and a model is provided to explain structural changes during deformation.
INTRODUCTION
Rheological and texture properties of cheese are affected by its chemical composition, with the amount of fat in dry matter and the ratio of water to solids-non-fat being the most commonly used parameters to determine the type of cheese (i.e. hard, semi-hard or soft cheeses), but also by factors such as cheese-making technology or intensity of proteolysis. From a structural point of view, cheese consists of a continuous protein matrix, wherein the fat globules are dispersed [1] . Fat globule size heavily depends on cheese technology and may vary from several microns for raw milk cheeses to below 1 µm in cheese made from homogenized milk or in processed cheese.
In natural cheeses, fat globules occupy void spaces in the open protein matrix thus acting as a kind of filler in a composite [2] . At a given filler concentration, technology obviously influences the January/February 2001 [9-11] pointing on insignificant effects of the fat phase on rheological properties of caseinate emulsions of relatively low protein concentration. Therefore, the present work was carried out to evaluate the influence of fat composition on mechanical and rheological properties of model processed cheese with a composition similar to standard processed cheese products.
MATERIALS AND METHODS

PREPARATION OF PROCESSED CHEESES
PROCESSED MODEL CHEESE
After melting a 4 kg lot of anhydrous milk fat purchased in local supermarkets, the oil was filled into several 500 mL centrifuge beakers and thermostatted at 24 ± 0.1°C overnight. The beakers were centrifuged at 1000 rpm for 2 min (J2-21, Beckman Inc., Palo Alto, CA), and the supernatant corresponding to the fat fraction liquid at 24°C was decanted and collected. The solid remainder was then melted, thermostatted to 30 ± 0.1°C overnight and again centrifuged. The liquid portion was disposed, and the solid material, i.e., the fat fraction solid at 30°C, was collected.
All processed cheese formulations were made in triplicate according to the base flow scheme depicted in Fig. 1 [12] . A Pt-100 sensor placed inside the UMC-5 mixer vessel (A. Stephan & Söhne GmbH, Hameln, Germany) was connected to a F3-GH circulator (Haake GmbH, Karlsruhe, Germany) to maintain the required temperature protocol.
Polyethylene film was used to prevent drying-out of the samples during refrigerated storage.
PROCESSED MODEL CHEESE WITH BUTTER
Appropriate amounts of winter butter and of summer butter (which is distributed by some dairy companies during winter with the argument of better spreadability) were purchased from local supermarkets. Considering a fat content of 82% and a water content of 16% according to Austrian regulations, the manufacturing protocol ( Fig. 1 ) was adjusted to achieve a comparable composition. Therefore, 304.9 g butter were used instead of 250 g butter fat, and the amount of tap water used to dissolve the salts was reduced to 451.2 g. filler-matrix interaction as, e.g, part of the natural milk fat globule membrane is replaced by casein during homogenization thus leading to an enhanced binding of the filler to the matrix [3] . Consequently, at a given filler concentration and at a given level of filler-matrix interaction with constant matrix properties, rheological properties of the filler material itself will affect the rheological properties of the entire system. This was observed during some recent work on traditional raw milk cheeses [4] [5] [6] ; after applying statistical procedures to eliminate the influence of, e.g. varying intensity of proteolysis, significant firmness differences observed between cheeses produced in the winter or in the summer period were ascribed to variations in the fat phase. In the alpine region feeding during winter is mainly hay-based, thus giving milk with a lower amount of unsaturated (especially C18:1) and a higher amount of saturated fatty acids (mainly C16:0) as compared to milk from pasture-based summer feeding. Therefore, one should expect effects on the amount of fat being in the solid or liquid state at a specific temperature and, therefore, on the firmness of the entire system, which is influenced by the stiffness of the filler globules. However, the situation is different in case of processed cheese, representing a dispersion of fat droplets in a continuous protein-water phase. During processing of natural cheese, heating leads to a separation of fat and protein, and curd granule junctions and fat globule membranes are destroyed [7, 8] . The relatively insoluble protein matrix of natural cheese is converted into a smooth and homogeneous mass and, as the emulsifying properties of the proteins are restored by reactions with melting salts, fat becomes emulsified into small globules. Considering that the ratio of solid to liquid fat is affected by environmental conditions, the characteristics may be more suspension-like at lower temperature but more emulsion-like at higher temperature and, consequently, effects on rheological properties may be expected. However, there are reports in literature January/February 2001
PROCESSED CHEESES FROM GRUYÈRE-TYPE
HARD CHEESE Frozen Gruyère-type cheeses, which were collected during a previous project [13] , were selected with respect to production date and composition. Winter cheeses used in this study were produced between December and March and had an average dry matter and fat content of 667 ± 7.7 g/kg and 355 ± 10.6 g/kg, respectively. The corresponding values of summer cheeses produced between June and September are 666 ± 6.8 g/kg and 354 ± 9.2 g/kg.
1000 g grated cheese was transferred into the mixer vessel and stirred at 49°C/400 rpm until the cheese was molten. Prior to heating up to 75°C, 13.0 g tri-sodium citrate and 13.0 g di-sodium hydrogen phosphate dissolved in 300 g tap water [14] were added to the cheese mass. After a 3 min stirring period at 1200 rpm, the processed cheese was poured into polystyrene containers, covered with polyethylene film and stored in the refrigerator for 3 weeks.
RHEOLOGICAL MEASUREMENTS
UNIAXIAL COMPRESSION
Subsequent to refrigerated storage, the cheese containers were thermostatted to 15°C in a KT2 environmental chamber (Ehret GmbH, Emmendingen-Kollmarsreute, Germany) for approx. 36 hours. Specimens of 17 ± 0.5 mm in diameter and height were cut by using a cork borer and a wire cutter. Exact size of the specimens was determined with a digital slide-gauge to an accuracy of ± 0.05 mm.
Compression experiments were made with a 1011 Universal Testing Machine (Instron Ltd., High Wycombe, UK) equipped with a 500 N load cell and an environmental chamber adjusted to 15 ± 0.1°C. Prior to each test, parallel plates made of stainless steel were generously lubricated with low-viscosity paraffin oil. Experiments were carried out at a constant speed of 15 mm/min, and the resulting force/deformation/time-data triplets were loaded into a PC via an IEEE-488 interface at a rate of 20/s. Each cheese sample was measured in 6 replicates.
For further evaluation, the dimensionless Hencky strain ε H [-] 
DYNAMIC RHEOMETRY
Dynamic rheological measurements were performed with a Rheometrics RFS2 rheometer equipped with a circulator and maintained by the RhiOS 4.4.4 software. To prevent sample slipping, emery paper was glued onto upper and lower plate by means of a double self-adhesive tape. Specimens being 15 mm in height and diameter prepared as described above (exact dimensions were taken with a digital slide-gauge to an accuracy of 0.05 mm) were then glued to the parallel plates with cyan acrylate. The surface of the cylinders was carefully lubricated with paraffin oil to prevent evaporation, and a small circulating unit connected to the water bath was used to maintain a constant test temperature of 15 ± 0.2 °C. Dynamic mechanical spectra were recorded in triplicate at a strain amplitude of 0.005 with frequencies increasing from 0.05 to 70 rad/s.
MISCELLANEOUS METHODS
The iodine value which, in principle, is a summative measure of the number of double bonds in a pure fat system, was determined by titration according to Wijs [17] . When necessary, fat was extracted with petroleum ether by means of the Soxhlet method. Fatty acid composition was determined after derivatization by sodium methoxide catalyzed transmethylation [18] . The formed fatty acid methyl esters were separated by GLC (GC-9A, Shimadzu Inc., Tokyo, Japan) using a 0.25 mm x 50 m fused silica capillary col-
umn coated with CP Sil-88 (Chrompack, Middelburg, The Netherlands). The solid fat index was measured by dilatation [19] , and viscosity of butter oil was determined at 75°C using a CS-50 Rheometer (Bohlin GmbH, Pforzheim, Germany) equipped with a double-gap cylinder system. Fig. 2 shows average compressional stress/strain profiles of processed model cheeses. As no fracture peaks were observed in preliminary experiments, data were only sampled up to ε H ≈ 0.8. Two sets of curves were identified. For cheeses produced with the fat fraction solid at 30°C, the modulus of deformability calculated from the initial slope of single experiment curves was 77.5 ± 5.10, 77.3 ± 5.95 and 82.2 ± 7.08 kPa. Cheeses produced with the low melting fat fraction, liquid at 24°C, are obviously reduced in firmness. For the three cheesemaking trials, M D values of 58.0 ± 3.70, 51.7 ± 3.47 and 59.3 ± 3.27 kPa were obtained. Fig. 3 depicts dynamic mechanical spectra of a set of selected processed model cheeses. G' and G" functions showed a continuous increase with frequency, which was more pronounced at low ω, and a shape typical for many food systems. Log G' and log G" proved to be a linear function of log ω for ω > 0.2 rad/s. Power law fitting according to G' = k ω n resulted in coefficients of k = 69.1 kPa, n = 0.190 and k = 54.5 kPa, n = 0.170 for cheeses produced with the high and low melting fat fractions, respectively. The corresponding values for G" versus ω were k = 19.4 kPa, n = 0.145 (solid at 30°C) and k = 13.8 kPa, n = 0.133 (liquid at 24°C).
RESULTS AND DISCUSSION
PROCESSED MODEL CHEESE
All results were subjected to 2-factor ANOVA by using a GLM procedure [20] . The difference in M D proved to be significant (P < 0.01), whereas no effect of repeated model cheese production was observed. The same was true for the k-coefficients calculated for both G' and G", and for the slope exponents for both dynamic moduli. There was also a significant effect on G"/G' = tan δ as a relative measure of viscoelasticity. At a fixed frequency of 1 rad/s, average tan δ values were 0.284 for cheeses made with the high melting fat fraction, and 0.259 for cheeses with the low melting fat fraction.
In case of model systems made with butter instead of thermally fractionated milk fat, the mean M D -values were 92.5 ± 7.44, 92.1 ± 6.18 and 94.1 ± 8.24 kPa for cheeses made with winter butter, and 76.8 ± 3.32, 75.4 ± 4.26 and 76.8 ± 5.29 kPa for cheeses manufactured with summer butter. As compared to the values given above, the absolute firmness values were higher for both the harder and the softer cheese, but the relative difference between the two cheeses was only approximately 18 % instead of 29 %. ANOVA revealed a significant (P < 0.01) effect of fat type, but no effect of repeated cheese production. Statistical treatment of the dynamic rheological data (not shown here) again resulted in a significant effect of the fat component. Both k and n values for the G' (G") versus ω fit were significantly lower for processed cheeses made with summer butter, although differences were smaller than for model cheeses produced with anhydrous fractionated milk fat.
PROCESSED GRUYÈRE CHEESE
Compression curves of two processed Gruyère cheeses are plotted in Fig. 4 . It is evident that the firmness of the product made by using raw material manufactured in the winter period is certainly higher than the firmness of processed Gruyère made from summer cheeses. The moduli for all productions are summarized in Table 1 . M D ranged between 59.1 and 62.7 kPa for processed Gruyère from winter cheeses, and between 41.7 and 45.2 kPa for processed summer Gruyère. After applying ANOVA, the effect of repeated cheesemaking proved to be insignificant, whereas a significant (P < 0.01) influence of the raw material was observed. 
Fig. 3 (middle): Mechanical spectra of processed model cheeses: (Á) cheeses made with the fat fraction solid at 30°C; (·) cheeses made with the fat fraction liquid at 24°C (Á -storage modulus, Ë -loss modulus).
Fig. 4 (right): Stress/strain curves of processed Gruyère cheeses: (Á) made from winter Gruyère; (Ë) made
from summer Gruyère. Fig.) and different types of butter (lower Fig.) used for model processed cheese manufacture. Similar trends were obtained in dynamic measurements. G' versus ω as well as G" versus ω were again fitted to power law for ω > 0.2 rad/s. In all of the productions, the k-coefficients for both G' and G" were significantly (P < 0.01) lower for processed cheese manufactured from summer Gruyère. A higher dynamic firmness reflected by the k-coefficients was accompanied by a significantly (P < 0.05) higher slope of G' versus ω or G" versus ω. The average tan δ taken at ω = 1 rad/s was 0.309 and 0.280 for cheese processed from Gruyère made in the winter and summer period, respectively.
Fig. 5 (above): Fatty acid composition of thermally separated milk fractions (upper
IMPLICATIONS OF FAT COMPOSITION ON PROCESSED CHEESE RHEOLOGY
In their paper on processed model cheeses, Lobato-Calleros et al. [12] used a structural approach to explain texture differences between cheeses made with a qualitatively differing fat phase. However, the authors made no attempt to consider that differences may arise from the fact that, e.g., partly hydrogenated soybean fat with a melting point of 36-38°C or soybean oil liquid at room temperature contribute to the rheological properties of the entire system. Similar conclusions, i.e., a neglectable contribution of the inner fat phase on the rheological properties of emulsions made from milk proteins, were drawn by Brunner [9] and Green et al. [10] . This contradicts Sherman [21] who showed that, at similar concentrations, the relative viscosity of emulsions increases with an increasing ratio of inner phase viscosity to continuous phase viscosity. In solid-like systems with a relatively high concentration of the inner phase the concept of composite materials with fillers [22] which, in case of processed cheese, may interact significantly due to the action of the emulsifying salts, can be applied. Fig. 5 shows the fatty acid spectra of the pure fat fractions used for the production of processed model cheeses. Main differences are evident for the concentration of palmitic acid (C 16:0 ) being lower for the low melting fat fraction and for summer butter, and for the concentration of oleic acid (C 18:1 ) being higher in these systems. The iodine value as a summative measure for double bonds in a particular fat was 33.2 and 25.9 for the low and high melting fat phase, respectively. It is known that the melting point of an oil or fat depends on its composition, as the melting point for particular fatty acids increases with chain length and, at constant chain length, decreases with the number of double bonds. Exemplary, melting points for C 18:0 , C 18:1 and C 18:2 are approximately 70, 16 and -5°C, respectively [23] .
It is also known that fatty acid composition affects oil viscosity [24] [25] [26] as, generally, chain length increases viscosity, and double bonds decrease viscosity. At emulsification temperature (75 °C), the viscosity of the inner oil phase was 12.5 mPa.s and 13.3 mPa.s for the fractions liquid at 24°C and solid at 30°C, respectively. As this difference is small compared to the viscosity of the casein melt, effects of oil viscosity on the droplet size distribution in the entire system are hardly expectable. Composition of a pure fat of a particular temperature also determines the amount of fat being in the liquid state or the amount of crystallised fat, which may be measured by dilatation or by NMR [27] . With decreasing temperature, such a mixture may change its state from a pure melt to a dispersion of fat crystals in liquid oil and, finally, to a network of solid fat with only a small amount of incorporated oil; consequently, any temperature decrease is accompanied by an increase in firmness. In the thermally separated fat fractions used in our study we found a solid fat content at 15°C, measured by dilatation, of 47.8 % for the fraction liquid at 24°C, and of 85.1 % for the fraction solid at 30°C.
As already mentioned, fat globules are entrapped in the continuous aqueous protein matrix of cheese, and stabilised by the emulsifier. In model cheeses made from caseinate, hydra-Applied Rheology January/February 2001 tion may prevent protein particles to interact directly with the emusified fat [9, 28] . In these cases, differences attributable to fat composition may solely represent a function of the filler itself.
However, in case of natural cheese, calcium in the Ca-paracaseinate complex is, during processing, removed by the ion-exchange capabilities of the melting salt, and insoluble paracaseinate is solubilised. Polyvalent anions from emulifying salts become attached to the protein, thus increasing hydrophilic properties [7] , and the protein may interact with new membranes formed on the surface of the fat globules [8] . Therefore, filler-matrix interactions additionally influence the rheological properties of the entire system. Fig. 6 gives a presumptive model on changes, which might occur during uniaxial deformation by considering a different ratio of solid to liquid fat within the fat globules. From a deformation of a system with a soft fat fraction, i.e., a low amount of fat crystals and a higher amount of oil in the emulsified globules, some rearrangement of the matrix with lateral elongation may be expected. The fat globules themselves may easily be deformed, with the resulting ellipsoids filling the void spaces in the matrix. There is only a minor contribution to the firmness of the entire system, and the macromolecular protein system is able to store energy by elastic deformation.
If a system with fat globules containing a higher amount of solid fat crystals is subjected to a similar deformation, the globules will obviously contribute to a larger amount to the firmness of the system. As the globules themselves are stiffer, they cannot be deformed easily, and tend toward retaining their shape. This may cause some non-destructive rearrangements, elongation and flow within the protein matrix. The higher slope of G' vs ω, found experimentally for the processed model cheese with the high melting fat fraction incorporated, corresponds to shorter relaxation time through the linear viscoelastic theory [29] or, in other words, to a relatively higher amount of energy dissipated during the deformation process.
For the Gruyère raw material used for processed cheesemaking, average iodine values were 41.7 and 32.2 for raw Gruyère manufactured in the summer and in the winter period, respectively. The difference is larger than the difference between the fat fractions separated by thermal treatment. This indicates that the effects obtained by fat separation may be exceeded during normal milk production simply by natural variations in the feeding regime. Apart from the differences in texture and rheological properties of processed Gruyère from summer and winter cheeses, which can be attributed to the properties of the fat phase, we also observed a significantly lower firmness than in processed model cheese. In this context, effects of proteolysis, which lead to a partial degradation of casein into smaller peptides, have to be considered. 
